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Transmission electron microscopy observations on olivine crystals deformed at moderate (≤1273 K) 
temperature evidenced dislocations interactions explaining the hardening observed in the experiments, 
but also recovery mechanisms by the absorption or emission of point defects. Thus we investigate the 
possibility that, at geological strain-rates, these recovery processes allow steady-state deformation by 
dislocation creep at low to moderate temperatures in the lithospheric mantle. We test this hypothesis 
using a 2.5-D dislocation dynamics (DD) model, which combines dislocation glide and recovery by climb. 
This model shows that diffusion-controlled recovery processes allow for steady-state deformation by 
dislocation creep in the lithospheric mantle at stresses <500 MPa. For stresses of 50–200 MPa, steady-
state strain-rates of 10−15 s−1 may be attained at temperatures as low as 900 K. Fitting of the DD model 
produces a ﬂow law, which represents a lower bound for the lithospheric mantle strength, since the 
models describe the deformation of an olivine single crystal in an easy slip orientation. Comparison of 
strain-rates and Moho temperatures inferred for different geodynamic environments and the predictions 
of this model-based ﬂow law implies, nevertheless, that, except in incipient rifts, most of the observed 
deformation may be produced by stress levels ≤200 MPa, consistent with those inferred to be produced 
by convection. This convergence suggests that the present models, which explicitly calculate the time-
dependent dislocation dynamics, may provide a correct ﬁrst order estimate of the mechanical behaviour 
of the lithospheric mantle, which cannot be derived directly from any existing data.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The strength and the active deformation mechanisms in the 
lithospheric mantle are one of the major open questions in 
plate tectonics. Extrapolation of empirical ﬂow laws derived from 
high-temperature (>1473 K) deformation experiments on olivine 
single-crystals and polycrystals to geological strain-rates (10−12
to 10−15 s−1) predicts stresses largely exceeding 1 GPa in the 
cold uppermost levels of the lithospheric mantle. Indeed, for de-
forming the lithospheric mantle at temperatures of 873 K and 
strain-rates of 10−14 s−1, anhydrous ﬂow laws for olivine poly-
crystals predict stresses ranging from 1.6 GPa to 5.07 GPa (Fig. 1). 
Lower stresses (375–800 MPa) are predicted by extrapolation of 
hydrous high-temperature ﬂow laws (Fig. 1), but these values prob-
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0012-821X/© 2015 The Authors. Published by Elsevier B.V. This is an open access articleably overestimate both the water contents in olivine in the litho-
spheric mantle (Bell and Rossman, 1992; Ingrin and Skogby, 2000;
Demouchy et al., 2006; Peslier, 2010) and the effect of wa-
ter on the olivine rheology, which is probably limited to a re-
duction in strength by a factor 2–3 (Demouchy et al., 2012;
Fei et al., 2014).
The predicted strength of a 100 km thick plate is therefore 
signiﬁcantly higher than the stresses which may be produced 
in a viscoelastic lithosphere by mantle convection or those in-
ferred by modelling the deformation in response to crustal loads, 
such as volcanic chains (100–200 MPa; e.g., Beuchert and Pod-
ladchikov, 2010; Zhong and Watts, 2013). Yet, continental plates 
deform. This paradox may be partially solved by proposing that 
the cold uppermost lithospheric mantle deforms by brittle fail-
ure or low temperature plasticity (Fig. 1). When implemented in 
numerical models, ﬂow laws simulating these processes and the 
associated thermal dissipation allow indeed successful simulation 
of many geodynamic processes, in particular continental breakup 
(e.g., Brune, 2014). However, the rarity of mantle earthquakes in  under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
F. Boioli et al. / Earth and Planetary Science Letters 432 (2015) 232–242 233Fig. 1. Strength envelope model for a 100 km-thick continental lithosphere deform-
ing at a vertically uniform strain-rate of 10−14 s−1. The geotherm is plotted in grey. 
Yield stresses in the crust were calculated using: the frictional sliding law from 
Byerlee (1977) and Goetze’s criterion with a density of 2700 kgm−3; the ﬂow law 
for anhydrous quartzite from Gleason and Tullis (1993); and the ﬂow law for an-
hydrous diabase from Mackwell et al. (1998). In the mantle (below the Moho), are 
displayed: the low temperature ﬂow laws from Demouchy et al. (2013), Raterron et 
al. (2004), and Evans and Goezte (1979), as well as the anhydrous and hydrous high 
temperature ﬂow laws from Hirth and Kohlstedt (2003), the anhydrous high tem-
perature ﬂow law from Faul et al. (2011), and the anhydrous high temperature ﬂow 
law from Chopra and Paterson (1984).
continental domains (Maggi et al., 2000; Jackson, 2002) tends to 
falsify the assumption of a cold mantle rheology controlled by fric-
tional processes. Indeed, the rare earthquakes nucleating at sub-
Moho depths beneath the Himalayas (Monsalve et al., 2006) or 
active rift zones (Lindenfeld and Rumpker, 2011) were ascribed to 
the underplating of the cold Indian lithosphere or to magma mi-
gration rather than tectonic processes.
On the other hand, the change from a power law to an expo-
nential dependence of strain-rate on stress (i.e., power law break-
down) is consistent with the few data on deformation of olivine 
single and polycrystals at temperatures <1300 K (Raleigh, 1968;
Phakey et al., 1972; Durham and Goetze, 1977; Evans and Goetze, 
1979; Raterron et al., 2004; Demouchy et al., 2009, 2013, 2014). 
These data also indicate that the shallow cold lithospheric man-
tle may deform at geological strain-rates under signiﬁcantly lower 
stresses than predicted from the extrapolation of high-temperature 
data (Fig. 1). Indeed, at a temperature of 873 K and a strain-rate 
of 10−14 s−1, the ﬂow law from Demouchy et al. (2013) predicts 
stresses of ∼270 MPa.However, conducting deformation experiments on olivine at 
T < 0.5Tm (Tm is the melting temperature, i.e. for olivine Fo90 ≈
1973 K) suffers from major shortcomings. As temperature de-
creases, higher pressures are needed to avoid brittle deformation. 
Gas-medium apparatus, where conﬁning pressures are limited to 
<500 MPa, provide accurate mechanical data, but do not allow to 
deform plastically olivine below 1100 K (Demouchy et al., 2013). 
Steady-state is rarely achieved in low temperature experiments; 
most stress strain-rate curves are characterised by marked strain 
hardening. Flow laws have been therefore established by ﬁtting 
the data at a given strain, which is in all cases lower than the 
strain values expected in the mantle. Demouchy et al. (2013), for 
instance, used the maximum stress attained in each experiment, 
which corresponds to total shortenings ranging from 4.7 to 23.5%.
Below 1100 K, ductile deformation can only be achieved by 
applying high conﬁning pressures, for instance using the D-DIA ap-
paratus, which has high uncertainty in the stress data (Raterron et 
al., 2004; Long et al., 2011), or by using indentation measurements 
(Evans and Goetze, 1979), which give only indirect rheological in-
formation. In spite of these limitations, exponential ﬂow laws, in 
particular the one from Evans and Goetze (1979), have been widely 
used to model the mechanical behaviour of the upper mantle. Yet, 
there are many reasons to question whether this strain-dependent 
data may be used to predict the mechanical behaviour of the 
uppermost lithospheric mantle in situations in which large defor-
mations are expected, such as convergent plate boundaries, litho-
spheric scale shear zones and transform faults, or continental rifts.
In this article, we propose a new strategy to infer the rheology 
of olivine at low temperature and natural strain-rates by combin-
ing experimental data and numerical modelling of intracrystalline 
plasticity. First, we rely on a detailed analysis by Transmission 
Electron Microscopy (TEM) of the most recent low-temperature de-
formation experiments of olivine by Demouchy et al. (2013, 2014), 
which allow unravelling the elementary deformation mechanisms 
at work. These observations permit to identify the mechanisms, 
which lead to hardening and brittleness, but also to highlight the 
recovery processes, which are hindered at high strain-rates. These 
recovery processes are diffusion-driven and, thus, both time and 
temperature-dependent. At geological strain-rates, recovery should 
be much more effective than in the experiments, possibly allowing 
steady-state to be achieved. To test for this hypothesis, disloca-
tion dynamics models are used to analyse the interplay between 
dislocation glide and diffusion-driven recovery processes, such as 
climb, in olivine. Within this model we can predict the steady-state 
strain-rates, which might be achieved at the stress-temperature 
conditions expected to prevail in the lithospheric mantle. These 
predictions, which represent a lower bound since we model the 
deformation of a well-oriented single crystal, not a polycrystal, are 
validated by comparison to strain-rates and Moho temperatures 
observed in a variety of geodynamic environments.
2. Experimental constraints
2.1. Deformation experiments
The rheology of mantle rocks at lithospheric temperatures 
has been essentially constrained by deformation experiments on 
olivine crystals and aggregates under variable conﬁning pressures, 
from atmospheric (indentation experiments) to up to 3–8 GPa (D-
DIA experiments), and temperatures (300–1623 K). Since the slow 
strain-rates relevant for geodynamics (10−12 s−1 to 10−18 s−1) 
cannot be achieved in the laboratory, in mechanical testing of 
geomaterials time is often traded for temperature. However, the 
validity of this assumption is still to be tested.
Recently, tri-axial compression experiments on oriented sin-
gle crystals of San Carlos olivine were performed at tempera-
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mouchy et al., 2009, 2013). These experiments were carried out 
at a conﬁning pressure of 300 MPa in a high-resolution gas-
medium mechanical testing apparatus under constant strain-rates 
from 7 × 10−6 s−1 to 1 × 10−4 s−1. Olivine cylinders with differ-
ent crystallographic orientations (close to [101]c, [110]c and [011]c
orientations) were compressed in order to activate one or two of 
the dominant slip systems in olivine in each experiment, namely 
[100](001), [001](100) and [001](010), or [100](010). Final ﬁnite 
strains ranged from 4 to 23%. The experiments yielded differen-
tial stress often higher than the conﬁning pressure: from 88 to 
1076 MPa. Although high, these stresses are signiﬁcantly lower 
than those predicted by the extrapolation of the ﬂow laws de-
rived from higher temperature experiments (1473–1573 K) to the 
present temperatures (Fig. 1). This result implies that time cannot 
be simply traded for temperature in study of the mechanical be-
haviour of the lithospheric mantle.
However, these fast strain-rate experiments at low temperature 
(1073 K = 0.47Tm) under low conﬁning pressure faced several lim-
itations: stress hardening was observed in most experiments, the 
samples often broke before achieving a steady-state regime or even 
before 5% of strain, and stick-and-slip-like behaviour was occa-
sionally observed (Demouchy et al., 2013). Post mortem study of 
the samples by EBSD revealed micro-fracturing superimposed to 
plastic deformation (Demouchy et al., 2013, 2014). These observa-
tions indicate transitional brittle–ductile deformation mechanisms 
at 1073 K and laboratory strain-rates. Older studies (Raleigh, 1968;
Phakey et al., 1972; Evans and Goetze, 1979) despite using differ-
ent approaches must have been confronted to the same limitations. 
In summary, below 1073 K, the current experimental methods for 
characterising the rheology of olivine reach their limits. New ap-
proaches are needed to properly determine the rheology of cold 
uppermost lithospheric mantle.
2.2. Transmission electron microscopy (TEM) analysis of the 
deformation mechanisms
The deformed crystals described above have been characterised
by TEM. Doubly polished thin sections (30–25 μm thick) were 
glued on a Mo grid and ion milled at 5 kV under a low beam 
angle of 15◦ until electron transparency is reached. TEM observa-
tions were carried out using a Philips CM30 microscope operating 
at 300 kV and a FEI Tecnai G20 microscope operating at 200 kV. 
Dislocations microstructures have been analysed using weak-beam 
dark-ﬁeld (WBDF) and electron tomography methods (Mussi et al., 
2014, 2015a).
Here we summarise the observations made on all samples. 
Rather than emphasising the differences between samples de-
formed along different directions, we highlight the general trend 
and the deformation mechanisms which have been found to oper-
ate in every case. As expected, at ca. 0.5Tm , evidence for glide of 
[001] dislocations on {110} and (100) planes predominates. If the 
crystals are not favourably oriented for activation of these slip sys-
tems, [001] dislocations glide in other {hk0} planes, but evidence 
for cross slip events in the easiest planes is common. In {110} and 
(100), non-screw segments slip much faster. Their curved shapes 
indicate that they bear little lattice friction (Fig. 2a). They leave 
behind long straight screw segments; their slower motion controls 
the glide strain-rates. Elastic interactions between non-screw seg-
ments result in dislocation dipoles, which are extremely common 
in the deformed samples (Fig. 2a and b). These dipoles are sta-
ble and form obstacles for other gliding dislocations, resulting in 
progressive building of entanglements (Fig. 2b and c). We inter-
pret this mechanism as the primary source of hardening in olivine 
deformed at low temperature.Despite the low temperature, we also observe pervasive ev-
idence for onset of recovery mechanisms involving ionic diffu-
sion. Every sample displays evidence for breakdown of disloca-
tion dipoles into strings of prismatic loops (Fig. 2c). This well-
known recovery mechanism, which has been described in ce-
ramics deformed at high temperature (Junqua and Grilhé, 1984;
Lagerlöf et al., 1989), works as follows. Under the inﬂuence of 
pipe diffusion, line instabilities develop along the dipole by self-
climb. Eventually, these instabilities result in pinching of the dipole 
(Fig. 2d) and in formation of aligned prismatic loops. These loops 
progressively shrink and ultimately disappear by absorbing point 
defects that diffuse toward them. In fact, Goetze and Kohlstedt
(1973) had already noticed the collapse of dislocation loops dur-
ing high-temperature annealing experiments in olivine.
In samples deformed at laboratory strain-rates, that is, at 10−4
to 10−6 s−1, these recovery mechanisms are not fast enough. 
The density of loops increases. The interactions of the loops with 
gliding dislocations create numerous non-glissile dislocation seg-
ments and contribute very eﬃciently to hardening as described in 
Mussi et al. (2015b). As a result, carrying deformation experiments 
at laboratory strain-rates becomes diﬃcult at temperatures below 
1273 K. Steady-state is not reached, instabilities develop, and the 
samples become brittle. An obvious hypothesis is that at geological 
strain-rates, that is, at 10−12 to 10−16 s−1, recovery mechanisms 
may have enough time to operate and allow steady-state creep, 
but until which temperature and with which eﬃciency? In the fol-
lowing, we take advantage of recent developments in dislocations 
dynamics modelling to investigate this possibility.
3. Dislocation dynamics modelling
3.1. Description of the model
We use 2.5-Dimensional Dislocation Dynamics (2.5-D DD) sim-
ulations to model dislocation creep in olivine in temperature and 
stress ranges relevant for the lithospheric mantle. The present 
work follows the methodology recently established to study the 
high temperature (T > 1400 K) creep properties of olivine (Boioli 
et al., 2015). This previous study showed that the interplay be-
tween glide and climb dislocation motion leads to steady-state 
creep behaviour, following a power law that is in good agree-
ment with high-temperature experimental data. The aim of the 
present models is to understand to which extent the interaction 
between glide and climb may allow steady-state creep at the low 
temperatures (800 K < T < 1400 K) which prevail in lithospheric 
mantle.
Discrete DD is a well-established simulation technique to de-
scribe the collective behaviour of dislocations and to model plas-
tic ﬂow in crystalline solids. In this method, the forces acting 
on dislocations are calculated using the linear elasticity theory. 
This provides a description of the long-range elastic strain ﬁeld 
induced by dislocations, their reciprocal interaction, and the in-
teraction of these line defects with an external stress ﬁeld (Hirth 
and Lothe, 1992). These long- and short-range interactions are 
key ingredients to describe the collective behaviour of disloca-
tions. Dislocations are then moved in the direction of the forces 
according to mobility laws, which take into account the relevant 
atomistic processes controlling dislocation motion (Devincre et al., 
2011). In the 2.5-D dislocation dynamics model (Gomez-Garcia et 
al., 2006), dislocations are materialised by parallel straight seg-
ments perpendicular to a reference plane and their dynamics is 
followed only in the reference plane. Additional rules are included 
to reproduce important 3-D dislocation mechanisms, as dislocation 
multiplication, dipole annihilation or junction formation. First, a 
multiplication rule is used to reproduce the general observation 
that dislocation loops expand under an external loading and that, 
F. Boioli et al. / Earth and Planetary Science Letters 432 (2015) 232–242 235Fig. 2. TEM images of: (a) Olivine crystal POEM 19 deformed at 900 ◦C, ε˙ = 1.01 × 10−5 s−1 displaying straight [001] screw segments (horizontal) and curved non-screw 
segments that interact elastically (arrow). (b) POEM 19–900 ◦C, ε˙ = 1.01 × 10−5 s−1. These interactions lead to the formation of stable dipoles (arrow), which eventually 
lead to the formation of entanglements. (c) POEM 11–850 ◦C, ε˙ = 7.06 × 10−6 s−1. Within those entanglements, one can ﬁnd evidence of recovery. Following the mechanism 
depicted in (d), dipoles pinch (P) and breakdown in strings (S) of sessile loops which shrink and disappear by diffusion. (d) Under the action of pipe diffusion, instabilities 
develop on the dislocation lines, which pinch and break up into sessile loops. The loops are sinks for point defects and progressively shrink and disappear as a result of bulk 
diffusion (after Junqua and Grilhé, 1984 and Lagerlöf et al., 1989).as a consequence, the dislocation density ρ increases linearly with 
the plastic strain ε produced. Dislocation dipoles are inserted at 
random positions in the simulation box, provided that the local 
effective stress has the same sign of the external stress, accord-
ing to the multiplication rate: dρ/dε = m, where m is a constant
(Gomez-Garcia et al., 2006). This reﬂects the observation that most 
of the dislocations emerging in a reference plane, or slice, of a 3-D 
volume originate from sources in the surrounding volume. Here, 
the value m = 2 × 1015 m−2 has been taken to reproduce the evo-
lution of the dislocation density modelled by 3-D-DD simulations 
(Durinck et al., 2007). Second we allow dislocations involved in 
a dipole to mutually annihilate when the distance between them 
is smaller than a critical distance ra = 10b (b is the Burgers vec-
tor modulus). These annihilation events result in a reduction of 
the dislocation density during the simulations. More details on 
the 2.5-D DD approach and the simulation settings for modelling 
olivine dislocation creep are presented in Boioli et al. (2015). In 
the following, we describe the glide and climb mobility laws used 
in the present model.
A key point to model dislocation creep is the description of the 
interplay between the glide velocity of dislocations in the most 
favourable crystallographic planes and the displacement rate of 
dislocations outside the glide planes by climb, i.e. the motion of 
dislocation induced by the absorption/emission of point defects, 
which controls recovery. In high lattice resistance materials, such as olivine, it is commonly assumed that plastic strain is controlled 
by the motion of slow screw segments left by the rapid propaga-
tion of non-screw segments with produce little strain. Screw dislo-
cations move according to a thermally-activated kink-pairs mecha-
nism and the overall dislocation glide velocity, which is limited by 
the motion of the screw segments, can be expressed by an Arrhe-
nius rate equation (Kocks et al., 1975):
vg = b L
lc
νD
b
lc
exp
(
−H(τ
∗)
kB T
)
(1)
where L is the length of the dislocation, b is the modulus of the 
Burgers vector, lc is the critical length for kink nucleation, νD is the 
Debye frequency, kB is the Boltzmann constant, and T is the tem-
perature (in K). H(τ ∗) = H0(1 − (τ ∗/τP )p)q is the activation 
enthalpy of kink formation, which depends on the effective re-
solved shear stress τ ∗ (at each dislocation position τ ∗ = τapp + τint
is calculated as the sum of the applied stress and the elastic inter-
action stress induced by all the other dislocations, both projected 
along the slip direction). In the expression of H(τ ∗), τP is the 
Peierls stress, i.e. the stress required to move dislocations at 0 K, 
H0 is the activation enthalpy at 0 stress, and p and q are em-
pirical parameters. The glide mobility for [001] dislocations in the 
present simulations is deﬁned using the parameters obtained by 
Durinck et al. (2007), which are reported in Table 1.
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Parameters used to deﬁne the glide mobility law for [001] dislocations as deﬁned 
by Durinck et al. (2007).
τP
(MPa)
p q ν0
(m/s)
lc
(nm)
H0
(eV - kJ/moleV)
1730± 41 0.5988 1.1506 2.75× 103 1.95 5.4 - 521
The second important mobility law is the one describing the 
climb velocity, which controls the elimination of the prismatic 
loops. Climb occurs through the absorption/emission of point de-
fects (dominantly vacancies) by the dislocations. Here, we as-
sume that the dislocation lines are saturated with jogs, i.e. steps 
along the dislocation lines in the climb direction, where vacan-
cies can be absorbed or emitted instantaneously (with no acti-
vation barrier). Within this assumption the climb process is lim-
ited by diffusion of vacancies from the bulk to the dislocation 
(or vice-versa). Assuming steady-state conditions, the net ﬂux of 
vacancies from and to the dislocation core is calculated by solv-
ing the diffusion equation; this allows an analytical expression 
of the climb velocity vc to be derived (Hirth and Lothe, 1992;
Martin and Caillard, 2003):
vc = η D
sd
b
[
exp
(
τ ∗c Ω
kB T
)
− c∞
c0
]
(2)
where Dsd is the vacancy self-diffusion coeﬃcient, Ω is the va-
cancy formation volume, η is a geometrical factor that depends 
on the geometry of the ﬂux ﬁeld, and c∞ and c0 are the va-
cancy concentration far from the dislocation and the equilibrium 
vacancy concentration in the bulk volume, respectively. Following 
Boioli et al. (2015), we assume that far away from the disloca-
tions the vacancy concentration is constant and equal to the equi-
librium concentration in the bulk volume (c∞ = c0). The climb 
process in olivine, which is an ionic crystal composed by four 
different elements, clearly involves the diffusion of several va-
cancy species. Here, since silicon is the slowest diffusing species, 
we consider that the diffusion rate is limited by the silicon self-
diffusivity. Hence, in Eq. (2), Ω = 72.4 Å3, that is, the vacancy 
formation volume for a Schottky defect estimated from the unit 
cell volume of olivine, and Dsd = DsdSi = D0 exp(
HsdSi
kB T
) is the self-
diffusion coeﬃcient of silicon taken from diffusion experiments 
at high pressure and high temperature. We have considered dif-
ferent sets of diffusion equations for Si self-diffusivity, obtained 
under both anhydrous and hydrous conditions, to span the max-
imum range of Si diffusion coeﬃcient and environmental condi-
tions to properly assess its inﬂuence on the calculated stresses. 
First, in analogy with the simulations reported in Boioli et al. 
(2015), we used the recent Si diffusivities for anhydrous, iron-free, 
forsterite from Fei et al. (2012), which yields for anhydrous con-
ditions 3.74 × 10−24 m2/s at 1273 K (D0 = 2.51 × 10−7 m2/s; 
HsdSi = 4.25 eV (410 kJ/mol), V = 1.7 cm3/mol, ambient pres-
sure). Second, we used the Si diffusivity for hydrous iron-bearing 
olivine from Costa and Chakraborty (2008), which yields for hy-
drous conditions 3.44 × 10−22 m2/s at 1273 K (D0 = 1.68 ×
10−7 m2/s; HsdSi = 3.71 eV (358 kJ/mol) fwater = 0.98 GPa), and 
for anhydrous olivine (∼Fo93) from Dohmen et al. (2002), which 
yields 1.78 × 10−26 m2/s at 1273 K (D0 = 6.31 × 10−5 m2/s; 
HsdSi = 5.48 eV (529 kJ/mol)). The value for the Si diffusion acti-
vation enthalpy in anhydrous forsterite reported in Fei et al. (2012)
is comparable with the one measured in iron-bearing olivine, 
HsdSi = 4.03 ± 0.31 eV (389 kJ/mol) (Karato and Ogawa, 1982), 
but smaller than the value reported by Dohmen et al. (2002), 
HsdSi = 5.48 ± 0.42 eV (529 kJ/mol). A reduced eﬃciency of the 
recovery processes is expected if the latter diffusivity data are con-
sidered. An upper and a lower bound estimate of strain-rates was obtained by using Si diffusivity data measured for hydrous and an-
hydrous olivine, respectively.
3.2. Creep simulations
In order to address the plastic behaviour at lower strain-rates, 
we performed creep simulations by coupling glide and climb dis-
location motion. In all simulations, we imposed single slip and 
uniaxial loading conditions on a single crystal. The geometry of 
the simulation box is sketched in Fig. 3a. The loading axis is par-
allel to the y direction and it forms an angle of 45◦ with the glide 
direction and with the normal to the glide plane. The climb dis-
placement direction is perpendicular to the glide one. Different box 
dimensions: L = Lx = L y , between 2 and 8 μm, and different ini-
tial dislocation density values ρ0, between 1012 and 2 ×1013 m−2, 
have been considered. In particular, ρ0 has been set to be, approxi-
mately, from 3 to 10 times smaller than the equilibrium dislocation 
density predicted for a given creep stress in the considered tem-
perature regime as in Boioli et al. (2015).
In Fig. 3, we compare the dislocation microstructure and the 
stress ﬁeld induced by both the dislocation microstructure and 
the external loading predicted by DD models in which only glide 
was activated or where glide was coupled to recovery by climb. 
Both models were run for a temperature of 1100 K and an ap-
plied stress of 50 MPa. In the initial conﬁguration (Fig. 3b), dis-
locations are randomly distributed. An initial dislocation density 
ρ0 = 2.5 × 1012 m−2 is assumed in both runs. The ﬁnal dislocation 
density is ρ = 6 ×1012 m−2 in the glide only models (Fig. 3c). It is 
lower, ρ = 5.5 × 1012 m−2, when climb is activated (Fig. 3d). Dur-
ing the deformation process, dislocations with similar sign tend 
to align perpendicularly to the glide direction creating sub-grain 
boundaries, which can be seen in the ﬁnal conﬁguration of both 
models (arrows in Fig. 3c and d). However, the most common fea-
tures in the microstructure are pairs of dislocations with opposite 
signs, forming dipoles. In Fig. 3c and d, we highlight a few dipoles 
with circles, but most dislocations are involved in dipole interac-
tions.
The analysis of the strain vs. time curves (Fig. 4) shows that 
when dislocations are restricted to move by glide only, after a 
short transient, they become trapped in dipoles, blocking any fur-
ther plastic strain production if stress is not increased. The effect 
of climb is to eliminate these “jammed” conﬁgurations, allowing 
for steady-state deformation. Indeed, glide produces dislocation 
multiplication, whereas climb promotes dipole annihilation. At the 
steady-state, the dislocation density ﬂuctuates around an equilib-
rium value, denoting balance between these competing mecha-
nisms. This is in agreement with the creep behaviour of olivine 
predicted in the high temperature regime (Boioli et al., 2015) and 
demonstrates the importance of the climb mechanism even at 
moderate temperature.
First, we performed a few simulations in the conditions where 
experiments were done to check for the validity of the model 
before addressing the deformation behaviour at geological strain-
rates (10−12–10−15 s−1), relevant for the lithospheric mantle. The 
ﬁrst tests were carried out at a constant strain-rate of 10−5 s−1
and for 800 K ≤ T ≤ 1400 K. The predicted ﬂow stresses are con-
sistent with the experimental mechanical data, as we can see in 
Fig. 5a where the calculated stresses corresponding to a shortening 
ε = 2% (empty boxes) are compared with the experimental val-
ues (circles). Under those conditions, diffusion processes are too 
slow to sustain such high strain-rates and glide is the dominant 
deformation mechanism. At larger deformations (ε > 2%), strain 
hardening due to the interaction of dislocation in different glide 
planes occurs. Here we do not focus on the plastic behaviour in 
this advanced deformation stage because the 2.5-DD simulations 
are not well adapted to describe the hardening observed in most 
F. Boioli et al. / Earth and Planetary Science Letters 432 (2015) 232–242 237Fig. 3. (a) Sketch of the 2D simulation box. Single slip conditions and uniaxial loading along the y direction (loading direction) are applied. The angle between the loading 
axis and glide direction is 45◦ . Dislocations (plus or multiplication symbols) are superimposed on a colour background, which represents the component σyy of the stress 
ﬁeld induced by the dislocation microstructure and the imposed external forces. (b) Initial conﬁguration. (c, d) Final dislocation microstructure in a model with glide only (c) 
and in which glide is coupled with climb (d). Arrows indicate sub-grain boundaries formed by arrays of dislocations. The dislocation density ρ is equal to 2.5 × 1012 m−2 in 
(b; initial dislocation density) and to 6 × 1012 m−2 and 5.5 × 1012 m−2 in panels (c) and (d), respectively (end of simulation dislocation densities, which are quasi stationary 
in (d), but still evolving in (c)).Fig. 4. Plastic deformation ε vs. time, obtained in creep conditions (σ = 50 MPa, 
T = 1100 K), assuming glide only (solid grey line) and glide coupled with climb 
(solid black line) dislocation motion. The average slope of the black line represents 
the steady-state strain-rate (dashed line).
low-temperature experiments. The complexity of dislocation inter-
actions under these high-stress conditions are not fully captured in 
the present model. 2.5-DD simulations produce, however, precise 
estimates of the critical stresses implied in dislocation glide. The 
agreement between the simulated and experimentally measured 
mechanical behaviour at low ﬁnite strains in the high strain-rate 
regime substantiates the predictive power of the 2.5-D DD model 
and justiﬁes the use of this method to predict the ﬂow stresses in 
the low strain-rate regime.A larger set of simulations has then been performed under con-
stant load in order to calculate the creep strain-rate in olivine in 
the temperature range between 800 and 1400 K. For each tem-
perature, we performed several simulations by increasing the ap-
plied stress from 43 to 500 MPa. Each simulation was run up to 
steady-state conditions. Creep rates were determined by a linear 
least-square ﬁt of plastic strain vs. time curves, as the one shown 
in Fig. 4. The results are plotted in Fig. 5 (ﬂow stresses calculated 
at 10−14 s−1 as a function of temperature), Fig. 6 (strain-rate as 
a function of temperature), and Fig. 7 (strain-rate as a function of 
stress).
4. Discussion of DD simulation results
The main question addressed in the present study is whether 
steady-state dislocation creep may be attained at low to moderate 
temperatures in the upper mantle. At high temperature, diffusion 
processes are fast and climb is expected to occur. In olivine, DD 
simulations performed between 1400 K and 1700 K conﬁrmed that 
climb is a key mechanism to reach steady-state conditions (Boioli 
et al., 2015). Climb governs the rate at which dislocations bypass 
obstacles or at which dislocation dipoles annihilate, controlling the 
steady-state. However, recovery mechanisms promoted by diffu-
sion may operate even at intermediate/low temperature and fast 
strain-rates, as indicated by the TEM data in Fig. 2, which dis-
plays evidence for breakdown of dislocation dipoles into strings 
of prismatic loops induced by the absorption/emission of point de-
fects. Here, we show that steady-state creep is observed down to 
800 K even under low stresses (50 MPa). In this extreme case, 
steady-state strain-rates are extremely low (∼10−18 s−1) and do 
238 F. Boioli et al. / Earth and Planetary Science Letters 432 (2015) 232–242Fig. 5. Critical ﬂow stress σ as a function of the temperature T . (a) Flow stresses 
obtained by 2.5-D DD simulations for strain-rates of 10−5 (empty boxes) and of 
10−14 s−1 (full boxes) compared with mechanical data for olivine single crystals 
from Demouchy et al. (2013) (circles, D&al2013 single crystals) and olivine ag-
gregate from Demouchy et al. (2014) (diamonds, D&al2014 agreg). The ﬂow law 
derived from the 2.5-D DD results at 10−14 s−1 is shown as solid line. (b) Flow 
stress calculated by 2.5-D DD model and the resulting ﬂow law compared with 
models obtained by extrapolating the experimental results from laboratory strain-
rates to 10−14 s−1 strain-rate from H&K: Hirth and Kohldstedt (2003) in anhydrous 
and hydrous conditions, E&G1979: Evans and Goetze (1979), F&al2011: Faul et al.
(2011), D&al2013: model 3 from Demouchy et al., 2013.
not produce deformations measurable by geodetic tools. This re-
sult demonstrates, however, that, when time is available, interplay 
between glide and climb may result in steady-state deformation 
even under very low temperatures (800 K = 0.35Tm).
Analysis of the full dataset allows further examining the in-
terplay between climb and glide and their respective inﬂuence 
on the creep strain-rates. In the temperature range considered 
in our simulations (800–1400 K), climb controls the steady-state 
strain-rate up to stresses of 200 MPa. The dislocation creep be-
haviour in this ‘climb-controlled’ regime is illustrated in Fig. 3
and 4. A fraction of mobile dislocations moves by glide until they 
reach a quasi-equilibrium conﬁguration. Thanks to climb events, 
some dislocations escape from such ‘jammed’ conﬁgurations, be-
come mobile, and produce further plastic strain. This succession of 
events is periodically repeated in time leading to steady-state con-
ditions, i.e. a linear increase of the plastic deformation with time 
(constant strain-rate). In this regime the dislocation density ﬂuc-
tuates around an equilibrium value, which depends only on the Fig. 6. Calculated 2.5-D DD strain-rate values ε˙ as a function of the reciprocal 
temperature T . Colours indicate calculations for different stresses. The creep strain-
rates obtained by using the Si self-diffusion coeﬃcient measured in anhydrous 
forsterite (Fei et al., 2012) are shown by full symbols and dashed lines (D0 =
2.51 ×10−7 m2/s and HsdSi = 4.25 eV (410 kJ/mol)). The upper and the lower lim-
its of the coloured bands represent the 2.5-D DD results obtained by considering the 
Si self-diffusion coeﬃcient values of: D0 = 1.68 × 10−7 m2/s and HsdSi = 3.71 eV
(358 kJ/mol) (Costa and Chakraborty, 2008) and D0 = 6.31 × 10−5 m2/s; HsdSi =
5.48 eV (529 kJ/mol) (Dohmen et al., 2002), for anhydrous and hydrous olivine, 
respectively. Squares delimitate strain-rate – temperature conditions inferred for 
lithospheric plates in different geodynamic situations (see text for details).
Fig. 7. Calculated 2.5-D DD strain-rate values ε˙ as a function of the applied creep 
stress σ . Full lines show the ﬁt obtained using Eq. (5), with A′ = 0.002 and the 
glide parameters as deﬁned in Table 1.
applied creep stress. The inﬂuence of climb becomes less impor-
tant with increasing applied stresses. In the simulations where a 
stress of 500 MPa is imposed, we observe that climb events are 
rare. However, while the climb velocity depends linearly on stress, 
the glide velocity increases exponentially with it (see Eqs. (1)
and (2)), eventually allowing to reach large deformations before 
dislocation–dislocation interactions become important and ‘jam’ 
the microstructure. Thus, although climb events are rare in the 
simulations where a stress of 500 MPa is imposed, steady-state 
strain-rates are achieved, because the stress level is high enough 
to allow dislocations to bypass local attractive or repulsive conﬁg-
urations without the absorption or emission of point defects. These 
high-stress simulations were carried out up to strains of 10% with-
out development of a ‘quasi-equilibrium’ dislocation conﬁguration 
that would require climb to overcome obstacles and sustain the 
plastic ﬂow.
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by using a power law equation:
ε˙ = Aσ n exp
(
− Q
kB T
)
(3)
where Q is the creep activation enthalpy, σ the applied stress and 
T the temperature (in K). Q , n and A are assumed to be constant 
and depend on the physical mechanism controlling the macro-
scopic creep for a given material. To characterise the creep acti-
vation enthalpy, we plot the creep strain-rates obtained from the 
DD simulations as a function of the reciprocal temperature (Fig. 6). 
The curves of the logarithm of the strain-rate as a function of the 
reciprocal temperature present the same negative slope, indicating 
a constant activation enthalpy Q for creep in the examined stress 
range. By averaging the values for different stresses, we obtain 
Q = 5.2 ± 0.3 eV (502 ± 29 kJ/mol), which is in agreement with 
the activation energy determined in high temperature creep (Q ∼
5.4 eV = 520 kJ/mol, Kohlstedt and Goetze, 1974; Q ∼ 4.7 eV =
453 kJ/mol, Gueguen and Darot, 1982; Q ∼ 4.9 eV = 470 kJ/mol, 
Mei and Kohlstedt, 2000) and in numerical simulations (Q =
5.07 eV = 489 kJ/mol, Boioli et al., 2015). The Q value extracted 
from the simulations lies between the activation barriers for climb, 
here equivalent to the Si self-diffusion enthalpy (410 kJ/mol) and 
for glide motion of [001] dislocations (521 kJ/mol).
In order to illustrate the inﬂuence of the diffusion coeﬃcient on 
our results, we compare the creep strain-rates obtained by using 
the Si self-diffusion coeﬃcient measured in anhydrous forsterite 
(Fei et al., 2012), dashed lines in Fig. 6, and the one measured 
in olivine for hydrous (Costa and Chakraborty, 2008) and anhy-
drous (Dohmen et al., 2002) conditions. We observe an increase of 
the strain-rates and a decrease of the activation enthalpy Q when 
Si diffusivity data for hydrous conditions are considered. The op-
posite behaviour (decrease of the strain-rates and an increase of 
the activation enthalpy Q ) is predicted when Si diffusivity data 
for olivine in anhydrous condition are used. This shift is shown 
in Fig. 6 by using colour bands. The lower and the upper limit of 
the bands represent the strain-rate values for olivine under anhy-
drous and hydrous conditions, respectively. We notice that, even if 
the diffusion coeﬃcient measured by Costa and Chakraborty, 2008
(Dohmen et al., 2002) is ∼2 orders of magnitude larger (lower) 
than the one measured by Fei et al. (2012) at T = 1273 K, we ob-
serve an increase (decrease) of the strain-rates values by a factor 
of 2–4 at 50 MPa and by less than 1 order of magnitude at 800 K 
and 50 MPa, conditions at which we observe the maximum shift 
in the strain-rate values. This highlights that, to evaluate the ef-
fect of the diffusion coeﬃcient on the strain-rates, the interplay 
between glide and climb must be considered and that estimat-
ing creep strain rates by simply assuming a linear relationship 
between strain-rates values and diffusion coeﬃcient is not pos-
sible. At low stress (≤200 MPa), when climb plays a key role in 
the plastic deformation process, the faster Si diffusion coeﬃcient 
reported for hydrous conditions enhances the recovery processes 
and produces larger strain-rates. On the contrary, at high stress 
(500 MPa), we observe no inﬂuence of the Si diffusion coeﬃcient 
on the strain-rates. This conﬁrms that, at these high stresses, climb 
is not effective and dislocation motion by glide controls the creep 
properties of olivine.
In Fig. 7, the evolution of the strain-rate as a function of stress 
is plotted for different temperatures. A power law behaviour would 
result in straight lines. As expected, the predicted dependence of 
the strain-rate on stress in the temperature range of 800–1200 K 
deviates from the power law behaviour observed at higher tem-
perature. Above 1400 K a constant stress exponent n ∼ 3–3.5 is 
obtained for experiments in a wide range of stress conditions 
(Jin et al., 1994; Bai et al., 1991; Hirth and Kohlstedt, 2003) and it 
is assumed to characterise dislocation creep behaviour in olivine. A similar stress exponent, n ∼ 3 ± 0.2, is obtained by 2.5-D DD 
simulations of olivine creep behaviour at temperatures >1400 K 
and applied stress <100 MPa (Boioli et al., 2015). However, at low 
temperature, the creep behaviour of olivine cannot be modelled by 
a power law since the apparent stress exponent n would increase 
from 3.5 to 10 when the applied stress is increased from 50 to 
500 MPa (Fig. 7) at 1000 K and to even larger values at 800 and 
900 K.
Mechanical properties of olivine at low temperature are better 
described by introducing the dependence of strain-rates on stress 
within the exponential term:
ε˙ = A exp
(
− Q
kB T
(
1−
(
σ
σP
)p)q)
(4)
where kB is the Boltzmann constant, σP is the Peierls stress and 
p and q are empirical parameters (e.g., Evans and Goetze, 1979). 
This equation is assumed to be more adapted when plastic ﬂow 
is controlled by glide involving lattice friction. By using Orowan’s 
equation we can express the strain-rate as a function of the dis-
location density ρ and the average dislocation velocity: ε˙ = ρbv . 
By further assuming that the average dislocation velocity is pro-
portional to the glide velocity we can rewrite Eq. (4) as follows:
ε˙ = ρbv = ρbA′vg
= A′ρbv0 exp
(
− Q
kB T
(
1−
(
0.5σ
σP
)p)q)
(5)
where p, q, σP , and Q are the parameters used to describe the 
glide velocity vg (Eq. (1)) reported in Table 1, v0 is the pre-
exponential factor in the expression of vg, b is the Burgers vector 
modulus, ρ is the dislocation density, and A′ is a ﬁtting param-
eter. In Eq. (5), we set the resolved shear stress τ = 0.5σ , that 
is, the applied stress σ reduced by the Schmid factor. Following 
Boioli et al. (2015), we assume that the relationship between the 
equilibrium dislocation density ρ and the stress is given by ρ =
( 0.5σμ )
sC ′/b2, with the stress exponent s = 1.31 and C ′ = 0.104. 
Then, the remaining adjustable parameter A′ is ﬁtted to reproduce 
the modelled dependence of the strain-rates on stress, as illus-
trated in Fig. 7. By ﬁtting these data (full symbols in Fig. 7) we 
ﬁnd A′ = 0.002 ±0.0003. The curves in Fig. 7 are obtained by plot-
ting Eq. (5) for temperatures varying from 800 K to 1200 K using 
the values deﬁned above. The correct ﬁt of the results of the model 
for different stresses and temperatures with a single parameter set 
indicates that it is possible to describe the average dislocation ve-
locity as the glide velocity reduced by a scaling factor (A′). This 
reﬂects the observation that dislocations can be trapped in dipole 
interactions and need to be released by climb in order to ﬂow from 
one “jammed” conﬁguration to another one. We notice that, in the 
examined (T , σ ) range, the dependence of the strain-rate on the 
applied stress is mainly governed by the dependence of the glide 
velocity on the stress. In fact, by assuming a constant average dis-
location density ρ = 3 × 1013 m−2, we can still reproduce quite 
well the DD simulation results.
In order to propose a new ﬂow law for the lithospheric mantle, 
we focus on the numerical results at strain-rates of 10−14, which 
are relevant for the lithospheric mantle. The curve obtained by 
substituting A′ = 0.002 in Eq. (5) (other parameters as in Table 1) 
and by assuming an average dislocation density ρ = 3 × 1013 m−2
is shown with a solid line in Fig. 5. This ﬂow law obtained by 
ﬁtting the results of the model represents a lower bound for the 
strength of an olivine rock at moderate to low temperature, since 
we model the deformation of a single crystal in an easy glide ori-
entation, not of an olivine-rich rock, composed by crystals with a 
variety of orientations. Comparison between experimental data for 
olivine crystals and polycrystals at moderate temperature (circles 
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tals are stronger by a factor two or less. A similar difference is 
obtained by analysing the high-temperature data (e.g., Mackwell 
et al., 1985). Thus the model-based ﬂow law probably underesti-
mates the strength of a mantle rock, but by a factor two or less. 
It probably captures the correct order of magnitudes of stresses 
and strain-rates in the lithospheric mantle. We emphasize that the 
novelty of our model is to take into account diffusion-driven recov-
ery processes, which, based on our simulation results, are expected 
to be important for stresses ≤200 MPa even at moderate tempera-
ture (T ∼ 0.35Tm). Flow laws based on extrapolation of mechanical 
data from laboratory to geological strain-rates cannot capture the 
inﬂuence of such processes that are negligible at laboratory strain-
rates. This explains the discrepancy between the 2.5-D DD model 
results and existing ﬂow laws based on the extrapolation of exper-
imental data from laboratory to geological strain-rates, shown in 
Fig. 5b.
5. Geodynamic implications
The 2.5 DD models substantiate the intuitive prediction that if 
recovery processes are already active during low temperature de-
formation experiments at strain-rates of 10−5 s−1, at much slower 
geological strain-rates, diffusional processes are effective enough to 
allow for steady-state dislocation creep even in the shallow levels 
of the lithospheric mantle. At laboratory strain-rates, the strengths 
predicted by these models are lower by a factor 2 than those ob-
tained using the exponential ﬂow law of Demouchy et al. (2013), 
corroborating that this ﬂow law represents an upper bound for the 
strength of the lithospheric mantle (Demouchy et al., 2014).
To evaluate if the predictions of these models are consistent 
with the strain-rates observed in nature, we plotted in Fig. 6
strain-rates calculated based on GPS data (Kreemer et al., 2014)
and Moho temperatures for a variety of geodynamic environments. 
This simple approach, which implicitly assumes vertically homoge-
neous strain-rates within a plate, allows by comparison with the 
model predictions at the same conditions, to verify if the observed 
strain-rates may be produced by stress levels consistent with those 
estimated from plate boundary forces analyses or convection mod-
els (≤200 MPa). In most cases, this condition is satisﬁed. Cratonic 
environments are characterised by extremely low temperatures at 
Moho depths (<800 K constrained by xenoliths thermobarometry, 
heat ﬂow data, and Pn-velocities in a variety of cratons; e.g. Boyd, 
1973; Brazier et al., 2000; Mareschal and Jaupart, 2004; McKenzie 
et al., 2005; Hyndman et al., 2009; Schutt et al., 2011; Baptiste 
et al., 2012). Consistently, they do not deform (non-measurable 
strain-rates, i.e. <10−18 s−1). High strain-rates (>10−15 s−1) are 
observed in active collisional boundaries, such as the Himalayas, 
the Andes, the Alps, the Cordillera, or Anatolia (Kreemer et al., 
2014). All these domains are characterised by high Moho tem-
peratures, ranging between 900 and 1100 K (Calvert et al., 2000;
Al-Lazki et al., 2004; Liang and Song, 2006; Hyndman et al., 2009;
Díaz et al., 2013). The present models indicate that at such temper-
atures, strain-rates of 10−14 s−1 to 10−15 s−1 may be attained for 
stresses in the range 50–200 MPa, that is, for stress levels consis-
tent with those produced by mantle convection. Low Pn velocities 
indicating high Moho temperatures (>900 K; Buehler and Shearer, 
2012) and high strain-rates (>10−14 s−1; Kreemer et al., 2014) 
also characterise the San Andreas fault and the mature domains 
of the East African rift system, such as the Afars (Mechie et al., 
1994).
In contrast, incipient continental rifts, in which extension af-
fects thick and hence cold plates, such as the southern part of 
the East African rift, where high P-wave velocities and xenolith 
data indicates Moho temperatures 800–900 K (Henjes-Kunst and 
Altherr, 1992; Mechie et al., 1994; Brazier et al., 2000; Baptiste et al., 2015), are characterised by strain-rates >10−16 s−1, which, ac-
cordingly to the present models cannot be produced by stresses 
≤200 MPa. Thus, if the present models predict correctly the rhe-
ology of the shallow lithospheric mantle, additional softening pro-
cesses, such as localised advective heating by magma percolation 
(Baptiste et al., 2015), or geometrical softening due to preferred 
orientation of olivine in the lithospheric mantle (Tommasi et al., 
2009) are needed for allowing the initiation of continental rifting.
As an additional test of the models, we compare their predic-
tions with temperature and paleopiezometric data derived from 
the analysis of peridotitic mylonites from the Beni Bousera mas-
sif in the Rif belt, Morocco (Frets et al., 2014). These mylonites 
constitute the upper part of a km-scale shear zone, which accom-
modated ca. 30 km of thinning of the lithospheric mantle in a 
transtensional setting. Paleothermometry data on these rocks indi-
cate that they equilibrated at temperatures ranging between 1173 
and 1473 K. Recrystallised grain sizes for the low-temperature my-
lonites are in the range 100–150 μm, which correspond, based on 
the paleopiezometer of Van der Wal et al. (1993), to stresses of 
30–40 MPa. 2.5 DD models predict, for such temperatures and 
stresses, strain-rates of ca. 10−14 s−1 (Fig. 6). These values are 
lower by a factor 10 than those inferred for this shear zone based 
on thermal considerations (preservation of a temperature gradi-
ent of >200 K/km; Frets et al., 2014). Yet, much higher strain-
rates, consistent with the preserved thermal gradient, are predicted 
for the coarse-grained peridotites, which accommodated the latter 
stages of the functioning of the shear zone (Frets et al., 2014). Sim-
ilarly, if we use the present models to estimate the strain-rates 
in California based on paleothermometric and paleopiezometric 
data for mantle xenoliths in the Cima Volcanic ﬁeld in California 
(1150–1220 K and stresses <20 MPa; Behr and Hirth, 2014), we 
obtain strain-rates of 10−14–10−15 s−1, which are consistent with 
those derived from GPS data for this region (Kremeer et al., 2014).
In summary, although the model-based ﬂow law is a lower 
bound for the strength of the lithospheric mantle, the predicted 
behaviour of the shallow mantle is remarkably consistent with ge-
ological observations. It is also more coherent than the previous 
ﬂow laws with the low strength of the shallow subcontinental 
lithosphere inferred from the analysis of post-seismic deforma-
tion (e.g., Freed et al., 2012). Models of the ﬂexure associated with 
Hawaii predict even lower strengths in the shallow and cold sub-
oceanic mantle (Zhong and Watts, 2013). The very low strengths 
inferred from these data are nevertheless diﬃcult to reconcile with 
our present knowledge of deformation mechanisms in olivine-rich 
rocks. Deformation of most of the subcontinental lithospheric man-
tle at stresses ≤200 MPa as predicted by the present models may 
have multiple implications for the thermo-mechanical evolution of 
the plates. Softening processes such as shear heating and grain size 
reduction would be less effective. Brittle processes should not be 
activated. On the other hand, extension of the dislocation creep 
ﬁeld to lower temperatures would imply development of olivine 
crystal preferred orientations and, hence, anisotropy in the shal-
low subcontinental lithospheric mantle.
6. Conclusions
Recent deformation experiments on olivine single crystals and 
polycrystals showed that olivine-rich rocks have much lower 
strengths than those predicted from the extrapolation of high-
temperature, low-stress experimental data (Demouchy et al., 2013,
2014). This observation falsiﬁes the common assumption that a 
temperature enhancement may compensate for the high strain-
rates in the experiments, calling for new data on the rheology 
of the lithospheric mantle. However, deformation experiments on 
olivine at temperatures <1273 K have many shortcomings. In par-
ticular, steady-state is almost never reached, most data showing 
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processes. Nevertheless, TEM analysis of deformed olivine single 
crystals deformed under low/intermediate temperature evidences 
dislocation interactions producing hardening, but also their partial 
recovery by the absorption or emission of point defects. As diffu-
sion is a time-dependent process, we propose that at geological 
strain-rates these recovery processes allow steady-state deforma-
tion by dislocation creep at low to moderate temperatures in the 
lithospheric mantle.
We tested this hypothesis using a dislocation dynamics model, 
which associates dislocation glide and recovery by climb. This 
model shows that diffusion-controlled recovery processes allow for 
steady-state deformation by dislocation creep in the lithospheric 
mantle. If reasonable stress levels (50–200 MPa) are considered, 
steady-state strain-rates of 10−15 s−1 may be attained at tem-
peratures as low as 900 K. Fitting of the DD model produces a 
ﬂow law, which represents a lower bound for the lithospheric 
mantle strength, since the models simulate the deformation of 
an olivine crystal in an easy slip orientation. Experimental data 
at both moderate and high temperature indicate that an olivine 
polycrystal may be up to two times stronger than single crys-
tals. Comparison of strain-rates and Moho temperatures inferred 
for different geodynamic environments and the predictions of this 
model-based ﬂow law imply that, except in incipient rifts, most 
of the observed deformation may be produced by stress levels 
≤200 MPa, consistent with those inferred to be produced by con-
vection. Model predictions are also consistent with direct estimates 
of stresses and temperatures in naturally deformed mantle peri-
dotites and the inferred strain-rates for each context. In summary, 
there is a clear need, if we want to correctly model the mechan-
ical behaviour of the lithospheric mantle, to go beyond a sim-
ple extrapolation of laboratory data to geological strain-rates. The 
present study illustrates how modelling of the dislocation interac-
tions may help constraining this scale transfer (10 orders variation 
in strain-rate).
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